ABSTRACT. In Brazil, there is a shortage of white maize cultivars and genetic studies for special maize breeding programs. This study aimed to identify populations and promising hybrid white maize for main agronomic traits and grits processing and to estimate the genetic parameters of parents and heterosis. In the 2012/13 growing season, fifteen hybrids were obtained by complete diallel crosses, and six parental and commercial check varieties were evaluated for: female flowering (FF), ear height (EH), grain yield (GY), ear length (EL), volumetric mass (VM) and grits processing (GP) in two locations in São Paulo State, Campinas and Mococa, using a randomized block design. Analyses of variance were carried out, and diallel crosses were performed using the Gardner and Eberhart model. The populations P3 and P6 stood out because of the estimated effects of the parents and of heterosis; the studied characters are promising for obtaining new lines and forming composites. For GP, the treatments showed no differences, implying the need to introduce new sources of germplasm.
Introduction
Maize is a versatile crop with wide genetic variability and the ability to successfully develop in tropical, subtropical and temperate regions under different agro-climatic conditions. The cultivated area of maize and its production have an upward growing trend globally, especially with the introduction of hybrids due to high yield potential (Izhar & Chakraborty, 2013) .
In Brazil, there is increasing production of specialty corns, such as popcorn, mini-corn, sweet corn and white corn for grits because it adds value to the product, generates higher profits for the farmer and represents specific market niches. In particular, a 60 kg bag of white maize for grits can reach twice the commercial value of a 60 kg bag of maize, which provides a considerable economic advantage to the producer.
The so-called "canjica", a dessert appreciated in many regions of Brazil, originated in São Paulo in 1710 due to the restriction of the use of salt, which was monopolized by some of the king's agents at that time. This restriction persuaded people to prepare this nutritious and sweet dish, which was adapted from indigenous food (Ferreira, 2002 The availability of registered cultivars for the production of corn grits is very scarce, highlighting the need to develop new hybrids for this sector. In 2014, among 467 cultivars of grain corn available for commercialization, only five white maize cultivars were recommended for production (Bignotto et al., 2015) .
Specialty corn breeding programs aim to develop more productive and adapted cultivars to supply the market demand. However, these programs will only be successful if they are effective in the selection of populations to be used for crossings that result in hybrids that possess traits of interest (Rodrigues, Pinho, Albuquerque, Faria Filho, & Goulart, 2009) .
The use of diallel crosses is one of the methods available in plant breeding that allows the selection of parents to improve the performance of the progeny (Ramalho, Abreu, & Santos, 2001 ). Moreover, diallel crosses are used to analyze the genetic design, providing estimates of useful parameters that allow for the selection of the best genitors to obtain hybrids, and to understand the genetic effects of a trait (Gonçalves et al., 2014; Melani & Carena 2005; Cruz, Regazzi, & Carneiro, 2004) . This method has been used to evaluate several agronomic traits in hybrids obtained from common maize populations (Tonette & Carena, 2014; Bernini, & Paterniani, 2012; Doná, Paterniani, Gallo, & Duarte, 2011) and in specialty corns, such as popcorn (Cabral et al., 2015; Solalinde et al., 2014) and sweet corn (Assunção et al., 2010; Rodrigues et al., 2009) , allowing the identification of the best parents and their hybrid combinations for the evaluated traits. Cruz et al. (2004) reported several types of diallel analysis, such as balanced, partial, circulating, incomplete and unbalanced, highlighting that the most applicable type was the balanced diallel proposed by Hayman (1954) , Griffing (1956) and Gardner and Eberhart (1966) . The last method provides detailed information on the potential of populations per se as well as the heterosis manifested in the hybrids. This method presents the advantage of evaluating the specific effects of varieties and varietal heterosis separate from the effects of their general combining ability (Gardner & Eberhart, 1966) .
In diallel crosses that are used to evaluate populations in Hardy-Weinberg equilibrium, the effects v i can be translated as the performance of a given population "i" compared to the average of other populations, and the h i effect is the contribution, in terms of heterosis, from crosses where "i" variety is involved. According to Bernini and Paterniani (2012) , this method is superior to the others when open pollinated varieties are crossed, since it provides useful genetic information to the breeder from the mean values of the population and not from the variances.
This study aimed to identify populations and promising hybrids of white maize for main agronomic traits and grits processing and to estimate genetic parameters of the parents, as well as the heterosis and its components.
Material and methods
In the growing season 2011/12, six populations of white maize were crossed under a full diallel design (Table 1) To collect agronomic data, the two center rows were used, and, in the two outside rows, industrial characters, such as grits processing yield, were measured. In both trial locations, fertilization was performed using 350 kg ha -1 of 8-28-16 (NPK), and the topdressing fertilization was performed using 150 kg ha -1 of N supplied as urea. The traits evaluated were as follows: female flowering (FF), measured in days after sowing when 50% of the plants in the plot presented the stigmastyle off the ear; ear height (EH), sampled at 5 competitive plants per plot, taken from ground level to the insertion of the main ear, and expressed in centimeters (cm); grain yield (GY), total grains resulting from the mechanical threshing of ears of useful lines in the plot (corrected to 14% moisture and ideal stand), expressed in kg ha -1 ; ear length (EL), obtained in 5 husked ears randomly sampled within each parcel and expressed in centimeters; volumetric mass (VM), measured in a volumetric mass determiner indicating the density of whole grains expressed in kilograms per 100 liters.
The collection of grits processing (GP) data was carried out in grams and then converted into percentage obtained in percentage (%) from 10 kg samples from each plot for two replications. For grits processing (GP), each sample was processed in a gritting processor for about 2 minutes and 45 seconds depending on the humidity of the sample. After chiseling, the resulting material was separated into bran and grits by the shaking motion of the gritting processor, using a Tyler5 sieve available on the machine. The sample was weighed on an electronic scale. GP assessment was conducted at the Experimental Farm of Iguatemi of the State University of Maringa (UEM) in Maringa, Paraná State, Brazil.
Grits processing data were transformed to percentage according to the formula below:
where GP is grits processing; mm: degerminated maize mass obtained by the gritting processor, expressed in grams (g); ma: total sample mass, expressed in grams (g).
Individual and joint analyses of variance were carried out, assuming the model as fixed. Means were compared using the Scott-Knott test (1974) at 5% probability.
The complete diallel analysis was conducted according to the model proposed by Gardner and Eberhart (1966) :
where: ij Y : average value observed in a parent (i = j) or in a hybrid combination (i); μ: mean of varieties; v i : the effect of the i variety; v j : the effect of the j variety; θ=0, when i=j, and θ=1 when i ≠ j; h: average heterosis effect; h i : the effect of the variety i heterosis; h j : the effect of the variety j heterosis; s ij : the effect of specific heterosis; and ē ij : average experimental error. The biometric analyses were performed using the software package Genes 2006 (Cruz, 2006) .
Results and discussion
The joint analyses of variance detected significant differences with the F test (p < 0.01) for treatments and genotypes for most of the evaluated traits, indicating differences in the performance of the parent, hybrid and commercial check varieties. However, for volumetric mass (VM) and grits processing (GP), no significant differences were observed ( Table 2 ). The effects of T x L and G x L interactions were significant only for GY and VM, so their means are presented by location (Table 2) . For all other traits, significance was not observed; therefore, the discussion of the results is based on the mean of the experiments in both locations. Significance in these interactions implies that genotypes with good results at a given location may not have the same satisfactory results in a different location (Cruz & Regazzi, 1997) .
The coefficients of variation obtained in this study ranged from low to medium, indicating that the experimental design was satisfactory in controlling environmental variation and allowed reliable data to be obtained (Fritsche-Neto, Vieira, Scapim, Miranda, & Rezende, 2012; Gomes, 2000) .
The means for FF, EH, EL, VM and GP of the genotypes at two locations are presented in Table 3 , along with their groupings by the Scott-Knott test (p < 0.05).
For FF, the formation of two groups (b and c) was observed between the hybrids, with means ranging from 55 to 58 days. Eight hybrids stood out as earlier in female flowering (group b) with no statistical differences from the check variety 'Al Bianco'. For the EH trait, the means of the hybrids ranged from 135.79 cm (P1xP3) to 180.27 cm (P4xP5), marking hybrids P1xP3 (135.79 cm) and P2xP3 (137.55 cm) due to the lower means presented. For GY, means were grouped into four distinct groups only at Mococa (a, b, c, and d). The most promising hybrids showed GY percentages ranging from 130% (P3xP6) to 109.4% (P2xP3) compared to the check varieties. For VM, the formation of two distinct groups was observed only at Campinas. Eleven hybrids significantly differed from the check variety, with means that ranged from 83.01 to 81.47%. a MS´s multiplied by 10 -3 ; * , ** significant at 5% and 1% probability. Although not statistically different from some hybrids and parents, the hybrid P3xP6 stood out for the best performance of the traits: FF, EH, GY, and VM. However, for grits processing (GP), there was no separation of genotypes in the groups, precluding the identification of the most promising parent or hybrid. GP means presented in this paper do not differ with those presented by Castro, Naves, Oliveira, and Froes (2009), who obtained GP values ranging from 70 to 80%, and with those presented by Mestres, Matencio, and Dramé (2003) , who observed values ranging from 78-80% for GP.
In the joint diallel analysis (Table 4 ), significant differences in the effects of treatments (T) and populations (P) were observed, indicating that there is variability among treatments for FF, EH, GY, VM, and EL traits. Heterosis (h) was significant only for GY and EL, implying that there is heterosis manifestation in the hybrids for these two traits.
The significance of the mean squares of heterosis effects on average heterosis ( h ) for FF, EH, and GY indicates that there is enough genetic diversity among the parents, resulting in a favorable situation for the application of a breeding program in order to obtain hybrids and to detect heterogeneity in the values of gene frequencies (Kvitschal et al., 2004) . The GY trait showed significance in the heterosis parental effects (h i ), which reveals the existence of variation in the contribution of each parent to the performance of the hybrid, indicating dispersion of allele frequencies in the population (Oliveira et al., 2004) . Similar h i results for GY were found by other authors and enabled the selection of the best parents and their respective hybrids (Tonette & Carena, 2014; Bernini & Paterniani, 2012; Doná et al., 2011; Silva & Miranda Filho, 2003; Scapim et al., 2002) .
The specific heterosis effects (ŝ ij ) showed significance only for the EL trait, indicating that there are epistasis and dominance effects in trait expression. According to Vencovsky and Barriga (1992) , this significance shows that there is specific complementation between pairs of parents in locos with allelic dominance effects, contributing to the better performance of certain hybrid combinations where one can supplement for any deficiencies found in another.
For the other traits, no significant differences were observed for ŝ ij . This absence of significance suggests the lack of differences among the degrees of complementation with each other, in relation to the frequency of alleles at loci with some dominance (Kvitschal et al., 2004) and predominating additive effects.
In relation to the decomposition in the sum of squares of heterosis in the analysis of variance, it was observed that for GY, the effects of h , ĥ i , and s ij corresponded to 73, 17 and 9% of the total of their effects, respectively. A greater contribution from average heterosis in relation to the other effects was noted and provided evidence of the significant superiority of hybrids compared with the average of the parents.
For plant architecture traits such as plant height and ear height (Table 5) , it is interesting to select genotypes that present negative estimates and contribute to the reduction of these traits (Solalinde et al., 2014) . Thus, the parental P3 stood out with the lowest estimate of parental effect ( i p ) for FF, and the parents P1, P3 and P6 had the lowest estimates for EH. Studies presented by Dhasarathan, Babu, and Iyanar (2015) , Bernini and Paterniani (2012) , Doná et al. (2011) , Garbuglio and Araújo (2006) and Gorgulho and Miranda Filho (2001) verified the significance of parental effects on EH, concluding that for the control of these traits, there is a predominance of the additive effects and only partial dominance effects.
For the traits GY, EL and VM, it is interesting that the parents show high and positive estimates. The parental P4 (1,476.81 kg ha The EL estimates of the parental effects ( ) ranged from -1.46 to 1.11 cm, and the parents P4 (1.11 cm) and P6 (0.76 cm) stood out with the highest estimates. For VM, the parents with highest estimates in both locations were P1 and P3 (Table 5) . (Table 6 ). Garbuglio and Araújo (2006) , evaluating intervarietal hybrids, found estimates with higher values for FF, ranging from -0.7 to 0.6 days. According to Scapim et al. (2006) , when there is a low level of heterosis, the parental selection used to make the hybrid should be carried out based on the parental means.
For EH, values ranged from -4.28 cm to 2.71 cm, and P2 parental (-4.28 cm) stood out as having a more negative estimate, indicating that their participation in crosses is promising for reducing ear height. Assunção et al. (2010) , evaluating sweet corn cultivars, found ĥ i estimates of AE ranging from -1.889 to 1.556 days, which are lower values than those found in this study.
The parents P3, P6 and P1 stood out with promising ĥ i effects for GY, highlighting the P3 population estimate of 360.46 kg ha -1 , characterizing it as the most heterotic within the parental group (Table 6) . These values demonstrated that these parents are promising in crosses for hybrids by raising the heterosis for GY. Silva, Amaral Jr, Gonçalves, Freitas Jr, and Ribeiro (2011) ). For VM and GP traits, ĥ i estimates were not presented because there was no significance in the diallel analysis. As emphasized by Jesus et al. (2008) , one of the plant breeding objectives is to find hybrid combinations with differing parental populations and good genetic potential. Thus, if the objective of the breeding program is to obtain hybrids with high grain yields associated with smaller size and higher precocity, P6 parents have ĥ i effects that are more favorable for all studied traits. This fact was demonstrated by Cruz et al. (2004) , who reported that crosses involving parental populations with higher ĥ i effects would result in hybrids that are more heterotic. According to the diallel analysis (Table 4) , significance in specific heterosis effects (ŝ ij ) was observed only for the EL trait. The ŝ ij estimates for EL ranged from -0.55 to 0.93 cm (Table 6 ). The hybrid combination that showed promising estimates for this trait was P2xP5 (0.93 cm) and was evidence of good genic complementation of parental populations in locos with a dominance effect.
According to the Gardner and Eberhart (1966) model, the best hybrids will be those that have a wider range of beneficial effects for the desired trait. The hybrid P3xP6 stood out for FF, EL, GY and VM traits and by collecting the i p and ĥ i effects of both parental populations in the expression of these traits.
Conclusion
Significant effects in heterosis average, parental heterosis and specific heterosis is evidence of the heterotic potential of the parent populations in study.
Parents P3 (F 2 Murano) and P6 (F 2 IPR 119) stood out for i p effects for female flowering, ear length, grain yield and volumetric mass traits, and parents P2 (IAC Nellore) stood out for grain yield traits in both locations, showing its potential to be used per se and for obtaining new maize lines.
Parents P3 (F 2 Murano), P6 (F 2 IPR 119) and P1 (F 2 IPR 127) appeared to be promising in hybrid combinations with high i ĥ effects for grain yield. These populations may be used for the synthesis of composite hybrids in breeding programs.
There was a predominance of additive effects in the expression of female flowering, ear height, grain yield and volumetric mass traits, while for the ear length trait, the dominance effects predominated.
For the grits processing trait, the genotypes showed no performance differences, implying the need to introduce new sources of germplasm that contribute to the diversity of this trait.
